The Sm-like protein Hfq promotes the association of small antisense RNAs (sRNAs) with their mRNA targets, but the mechanism of Hfq's RNA chaperone activity is unknown. To investigate RNA annealing and strand displacement by Hfq, we used oligonucleotides that mimic functional sequences within DsrA sRNA and the complementary rpoS mRNA. Hfq accelerated at least 100-fold the annealing of a fluorescently labeled molecular beacon to a 16-nt RNA. The rate of strand exchange between the oligonucleotides increased 80-fold. Therefore, Hfq is very active in both helix formation and exchange. However, high concentrations of Hfq destabilize the duplex by preferentially binding the single-stranded RNA. RNA binding and annealing were completely inhibited by 0.5 M salt. The target site in DsrA sRNA was 1000-fold less accessible to the molecular beacon than an unstructured oligonucleotide, and Hfq accelerated annealing with DsrA only 2-fold. These and other results are consistent with recycling of Hfq during the annealing reaction, and suggest that the net reaction depends on the relative interaction of Hfq with the products and substrates.
INTRODUCTION
In bacteria, small antisense RNAs (sRNAs) participate in regulatory networks that control the response to environmental stress such as low temperature (1), low iron (2) or oxidative stress (3). Many sRNAs activate or repress the translation of their target messenger RNAs (mRNAs) by base pairing with complementary sequences in the mRNA (4, 5) . sRNAs can also target the mRNA for degradation, as in the case of the RyhB sRNA and sodB mRNA (2, 6) . Despite the importance of these regulatory interactions, however, the dynamics of base pairing between sRNAs and their mRNA targets remain poorly understood.
The RNA-binding protein Hfq binds many sRNAs in vivo and is necessary for their function (5, 7, 8) . Hfq is a 11-kDa homolog of the eukaryotic Sm proteins (9) (10) (11) that forms ring-shaped homohexamers. Hfq preferentially binds single-stranded A/U-rich sequences adjacent to stem-loops (9, (12) (13) (14) , and facilitates the association of sRNAs with their mRNA targets. Because Hfq is not required to stabilize the sRNA-mRNA complex once it is formed, Hfq is considered a chaperone (9) . Hfq binding also protects sRNAs and some mRNAs from degradation (15, 16) .
Several mechanisms for Hfq 'chaperoning' of base pairs between sRNAs and mRNAs base pairing have been proposed (4) . Hfq may unfold or weaken RNA secondary structures, allowing sRNAs to access their targets (17, 18) . In addition, Hfq forms stable ternary complexes with sRNAs and mRNAs, that may facilitate annealing of complementary strands by increasing the local concentration of each strand (9, 10) . The Escherichia coli Hfq hexamer is proposed to simultaneously bind U-rich and A-rich strands, bringing them together (19) . There is also evidence that Hfq hexamers can form higher-order complexes (20) , although the functional importance of such complexes remains unclear.
We have used the well-characterized interactions between DsrA sRNA and rpoS mRNA to study the function of Hfq in riboregulation and how it facilitates base pairing between complementary RNAs. In E. coli, the 87-nt sRNA DsrA upregulates the translation of rpoS (1, 21, 22) , which encodes the stationary phase transcription factor s S (23) . The ribosome-binding site of the rpoS mRNA is normally blocked by a stem-loop within the 5 0 leader, inhibiting translation initiation (24) . DsrA sRNA activates rpoS translation by base pairing to the 5 0 leader and opening up its inhibitory stem-loop ( Figure 1A ) (21) , in a manner that depends on Hfq protein (15, 25) .
Hfq binds both DsrA and rpoS mRNA in vitro, and the formation of stable ternary complexes between Hfq, DsrA and rpoS mRNA correlates with faster association of the two RNAs (14, 26, 27) . Arluison et al. (28) used FRET to suggest that an Hfq hexamer bound to both DsrA and rpoS slowly melts the rpoS secondary structure and promotes DsrA and rpoS binding by increasing the local concentration of the two RNAs. They proposed that Hfq uses strand-exchange to open the rpoS leader and promote DsrA annealing. This is consistent with biochemical data showing that Hfq partially destabilizes the secondary structure of the full-length rpoS leader (27) . In contrast, Rajkowitsch and Schroeder (29) suggested Hfq functions mainly through RNA annealing rather than through strand exchange. The difference between the results of these two studies may be a result of the different RNA substrates used by each group. Arluison et al. (28) used RNAs that contained some secondary structure, whereas Rajkowitsch and Schroeder (29) used short, unstructured oligonucleotides.
To examine the ability of Hfq to accelerate annealing and strand exchange of structured and unstructured RNAs, we designed fluorescently labeled 'molecular beacons' to base pair with a 16-nt sequence that encompasses the Hfq-binding site within DsrA ( Figure 1B ). The use of molecular beacons in place of rpoS mRNA allowed us to detect the intrinsic annealing and exchange activities of Hfq, while avoiding the complication of multiple Hfq binding sites within the natural rpoS leader. The beacons also sidestepped the requirement to unfold the secondary structure of the rpoS mRNA. The thermodynamics and kinetics of reactions between the beacon and a 16-mer target RNA were compared with similar reactions containing full-length DsrA sRNA. We found that Hfq increased the rates of annealing and strand exchange as much as 100-fold. However, this activity depends strongly on the ionic strength of the buffer and the secondary structure of the substrates. Preparation of DsrA RNA DsrA (87 nt) was transcribed with T7 RNA polymerase from pUCT7DsrA and purified as previously described (26) .
MATERIALS AND METHODS

Molecular beacons and oligonucleotides
Purification of Hfq
His-tagged Hfq was expressed from a plasmid kindly provided by A. Feig (Wayne State University), and purified as previously described (19) . Hfq stocks were stored at -808C. Some experiments in TNKM, TN50 and TN500 buffers used natural Hfq, which was purified as previously described (9) . Both preparations had similar activities on oligonucleotide substrates.
Native PAGE
Oligomers were 5 0 labeled with 32 P according to standard protocols and passed through a size-exclusion column (BD Sciences). Samples (10 ml) containing beacon, D16 RNA, and Hfq as stated in the text were incubated 30 min at 308C prior to loading on 8% polyacrylamide gels containing 1Â TBE. Gels were maintained at 4-108C during electrophoresis. Experiments were carried out in TNK buffer (10 mM Tris-HCl pH 7.5, 50 mM NaCl, 50 mM KCl) or Hfq storage buffer (HB; 10 mM Tris-HCl pH 7.5, 50 mM NH 4 Cl, 0.2 mM EDTA pH 8.5, 2% glycerol) as stated in the text.
Fluorescence experiments
Equilibrium fluorescence intensity measurements (515-nm emission) were made using a Perkin-Elmer LS-50B Luminescence Spectrometer, with excitation at 496 nm. To measure the equilibrium binding constant (K d ), the fluorescence intensity of 2 nM dMB-D16 was recorded in TNK or HB buffer at 308C, with 0-1.5 mM oligonucleotide target. The beacon and target were equilibrated 5 min after each addition. The relative change in fluorescence intensity ÁF was assumed to be proportional to the fraction of bound beacon and was fit to a single-site binding isotherm. Where applicable, Hfq was added to the beacon before the addition of target. Hfq did not change the baseline fluorescence of DNA beacons, but the baseline fluorescence of rMB-D16 increased slightly. Experiments with DsrA RNA (300 nM) were done as above, except DsrA was incubated briefly at 658C before use.
Fluorescence anisotropy measurements were made using a Fluorolog-3 spectrofluorometer (Horiba) in L format with single excitation and emission monochromators at 495 nm and 515 nm, respectively. D16 RNA (5 nM) conjugated with fluorescein (6-FAM) in TNK or HB buffer was titrated with Hfq. The sample was incubated 5 min after each addition before the anisotropy was measured. For titrations, the fractional binding was obtained from the change in anisotropy, "
which A is the anisotropy at each Hfq concentration, A o in the anistropy of D16-FAM without Hfq and A f is the anisotropy at saturation. The fractional binding was fit to a two-site isotherm, "
Þ, in which A 1 and A 2 are the anisotropies of complexes 1 and 2, K d1 and K d2 are the binding constants and n = 2.3 is the cooperativity of forming each complex (26) . The salt dependence of binding was measured by incubating 5 nM D16-FAM with 150 nM Hfq 6 in HB, and then adding NaCl to the complex. Samples were incubated 5 min after each addition before the anistropy was measured.
Stopped-flow spectroscopy
The hybridization kinetics was measured in HB or TNK buffer at 308C using an Applied Photophysics SX 18MV stopped-flow spectrometer. Reactions contained 50 nM molecular beacon (final), 100 nM target RNA and 50 nM Hfq 6 unless stated otherwise in the text. The beacon and RNA oligomers were mixed with a dead time of 1.8 ms. Hfq was typically added to the syringe containing the beacon, although the order of mixing did not affect the results. The sample was excited at 496 nm and the emission intensity was measured using a 515-nm cutoff filter. At least three separate experiments were performed at each oligonucleotide concentration. The data were fit to a double exponential rate equation and the observed rate constants for three or more trials were averaged.
RESULTS
Beacon design
To study the RNA annealing activity of Hfq, we synthesized minimal RNA and DNA substrates that mimic functional sequences in DsrA sRNA. A molecular beacon (MB-D16) was designed to complement a 16-nt sequence in DsrA sRNA containing the U-rich Hfqbinding site in DsrA ( Figure 1B and C). Experiments were carried out with DsrA or with a 16-nt RNA containing just the target sequence (D16). The length of the target sequence and its position relative to the Hfqbinding site were chosen to maximize the stability of the antisense complex. The stability of the hairpin stem was also varied to optimize binding while maintaining a low baseline of fluorescence (31) .
In our initial experiments, we used a DNA molecular beacon (dMB-D16). Since Hfq does not bind DNA strongly (32), we anticipated that Hfq would not unfold the hairpin of the molecular beacon in the absence of complementary target. We also expected ternary complexes in which the two substrates are bridged by Hfq to be unstable. Thus, any increase in the rate of hybridization should be due to enhanced base pairing between dMB-D16 and D16 RNA. To test the importance of interactions between Hfq and the beacon, we also obtained an RNA version of the beacon, rMB-D16, as well as a beacon with the complementary loop sequence (dMB-R16).
Beacon-target binding by native PAGE
Molecular beacons were initially tested for the ability to bind D16 RNA by native PAGE. Radiolabeled dMB-D16 was incubated in TNK plus 1 mM MgCl 2 (TNKM) at 308C with increasing concentrations of D16 target ( Figure 2A ). As expected, the two complementary oligomers formed a stable hybrid duplex that migrated differently than the individual oligomers (K d = 33 nM). Similar results were obtained in gel mobility shift experiments with dMB-R16, which base pairs with R16, the A-rich complement of D16 (data not shown).
The effect of Hfq on the association of these oligomers was also tested by native PAGE ( Figure 2B ). In TNKM buffer, Hfq had only a small effect on oligonucleotide binding (data not shown). When similar reactions were carried out in 50 mM NH 4 Cl (HB), however, 83 nM Hfq 6 caused much more of the labeled oligonucleotide to shift into the duplex band, even when the stem of the beacon was strengthened by switching the AT pair to CG (dMB-D16s; Figure 2B ). In HB buffer, almost no duplex was formed in the absence of Hfq.
We next investigated whether Hfq formed stable complexes with the oligonucleotides. When the concentration of Hfq was increased from 0 to 330 nM (Hfq 6 ), the gel mobility of dMB-D16 or dMB-R16 did not change ( Figure 3 , left lanes), confirming that Hfq does not interact strongly with DNA molecular beacons. Hfq was able to bind D16 or R16 RNA, although the complexes were too labile to produce a strong gel mobility shift (Figure 3 , middle lanes). Hfq bound the hybrid DNA-RNA duplex much less strongly than D16 or R16 RNA (Figure 3 , right lanes). In fact, the small amount of shifted material in these lanes is likely due to interactions between Hfq and single strands. Thus, Hfq was able to promote the . rMB-D16 has the same sequence except U's replace T's. dMB-R16 is the complement of dMB-D16. association of the oligonucleotides but did not form a stable ternary complex with the base paired product.
Binding of MB-D16 to its target RNA by fluorescence
To quantify the effect of Hfq on the stability of the beacon-RNA complex, base pairing of dMB-D16 was examined using fluorescence spectroscopy. The MB-D16 beacon was conjugated with fluorescein on its 5 0 end and DABCYL at the 3 0 end ( Figure 1C ). In the absence of target, the hairpin stem of the beacon brings the fluorophore and quencher together, so that the baseline fluorescence is low (33) . When base paired with a target RNA, separation of the fluorophore and quencher greatly increases the fluorescence intensity ( Figure 4A ).
When titrated with D16 RNA, the fluorescence of dMB-D16 beacon increased as expected ( Figure 4B ). In TNK buffer, the dissociation constant for D16 RNA and MB-D16 was 19.6 AE 0.7 nM at 308C (Table 1) , close to the estimate from native PAGE. In HB buffer, the K d for the antisense complex was 79 AE 7 nM (Table 1) . When the binding equilibrium between the beacon and RNA target was measured in the presence of 330 nM Hfq 6 , the K d for hybridization of the beacon and the target increased 10-fold, to 260 AE 60 nM in TNK ( Figure 4B ; Table 1 ).
This concentration of Hfq is above the K d for singlestranded RNA (see below) and equivalent to the highest concentration of D16 RNA in our titration. The simplest explanation for these results is that Hfq destabilizes the beacon-target complex by binding single-stranded D16 RNA more strongly than the hybrid duplex. Hfq did not increase the fluorescence intensity of dMB-D16 in the absence of target, suggesting that it does not destabilize the DNA hairpin, consistent with the lack of a gel mobility shift in Figure 3 .
To determine the affinity of Hfq for single-stranded D16 RNA alone, we measured the change in fluorescence anisotropy of D16 conjugated to fluorescein (D16-FAM) (34) . When D16-FAM was titrated with Hfq in TNK buffer at 308C, we observed an increase in anisotropy indicative of two Hfq complexes with binding constants of 23 AE 4 nM and 600 AE 25 nM (Hfq 6 ), respectively ( Figure 4C ). These are similar to previously reported dissociation constants for His6-Hfq binding to DsrA (14) and slightly lower than that of the wild type protein at 378C (26) . These results also showed that Hfq associates 10) . Trace radiolabeled (asterisk) and 50 nM unlabeled (+) dMB-D16 and D16 were co-incubated 15 min, with or without 83 nM Hfq 6 . dMB-D16(s) is the same as dMB-D16 except a C-G pair replaces the A-T pair in the hairpin stem. The similar mobilities of the duplex and D16 made it difficult to resolve the duplex when D16 is labeled (lanes 9 and 11).
with D16 tightly enough to compete with base pairing between D16 and dMB-D16.
Hfq greatly increases the RNA annealing rate
The association kinetics of the beacon and target were examined using stopped-flow spectroscopy ( Figure 5 ). In the absence of Hfq, the observed hybridization rate of 50 nM MB-D16 to 100 nM D16 RNA was 0.0052 AE 0.0005 s -1 at 308C. In the presence of 50 nM Hfq, the hybridization rate increased 100-fold, to an average value of 0.58 AE 0.24 s -1 (Table 1) . In HB buffer, the effect of Hfq was even stronger, increasing the rate constant 260-fold to 2.1 s -1 (Table 1) . Thus, Hfq strongly accelerated the base pairing kinetics of these oligonucleotides, demonstrating that it has an intrinsic strandannealing activity. This stimulation depended on the RNA-binding activity of Hfq, because the amino acid substitution K56A in the U-rich RNA binding site of Hfq (19) resulted in $10-fold lower annealing rate under the same conditions (35) . In addition, oligonucleotides completely lacking U-or A-rich sequences were poor substrates for Hfq (data not shown).
Hfq increases the rate of strand exchange
We next tested whether Hfq also accelerates strand exchange under these conditions ( Figure 6A ). The D16 RNA oligonucleotide was mixed with dMB-D16 for 20 min, until the fluorescence intensity reached a plateau, signaling that the beacon was base paired with RNA ( Figure 6B ). Next, an excess of complementary R16 RNA was added to the cuvette, trapping D16 as it dissociated from the dMB-D16 beacon. As the beacon Table 1 for further data. was competed off the RNA, the fluorescence decreased with an observed rate constant of 0.18 min -1 . When the experiment was repeated in the presence of 200 nM Hfq 6 , the initial beacon-RNA complex formed very quickly, as expected ( Figure 6C ). This was followed by a slow decrease in fluorescence whose origin we do not yet understand. More importantly, the strand-exchange reaction after the addition of competitor occurred within 5-10 s ($14 min -1 ). This corresponded to a 80-fold increase in the rate of strand displacement, comparable to the influence of Hfq on the rate of strand association. Thus, Hfq accelerates helix formation and helix dissociation (strand exchange) under the same experimental conditions.
Salt inhibits the annealing activity of Hfq
Since Hfq was more active in HB buffer than TNK buffer, next we investigated the effect of salt on Hfq activity.
Salt increases the stability of nucleic acid duplexes, but often lowers the affinity of proteins for DNA or RNA (36) . When the salt concentration was raised from 50 to 500 mM, the rate of protein-independent annealing increased from 0.0044 to 0.03 s -1 ( Figure 7A ), as expected from early work (37) . In contrast, salt reduced the rate of RNA association in the presence of Hfq from 2.1 AE 1.0 s -1 in HB to 0.025 s -1 in TN500 ( Figure 7A ). Thus, Hfq has no net effect on the RNA annealing rate in 500 mM salt. This loss of activity corresponded to a steep decline in Hfq binding to D16 RNA over this salt concentration range ( Figure 7B ). Hfq's annealing activity was inhibited by 1 mM MgCl 2 more than predicted by the increase in bulk ionic strength (compare TNK and TNKM; Figure 7A ). Thus, the ability of Hfq to facilitate the formation and exchange of base pairs is extremely sensitive to the electrostatic environment around the RNA. Reactions in 10 mM Tris-HCl pH 7.5 plus: HB, 50 mM NH 4 Cl, 2% glycerol; TN50, 50 mM NaCl; TN500, 500 mM NaCl; TNK, 50 mM NaCl, 50 mM KCl; TNKM, 50 mM NaCl, 50 mM KCl, 1 mM . The rate of strand association was too fast to measure using a conventional spectrometer.
U-rich and A-rich RNAs are similar
The inner surface of the Hfq hexamer binds both A-and U-rich RNAs, while the distal face is proposed to contain an A-specific binding site (19) . To test the ability of Hfq to bind different RNA targets, annealing reactions were carried out with an A-rich RNA (R16) that is the complement of D16. The R16 RNA (100 nM) and dMB-R16 base paired with each other at a rate of 0.01 s -1 in the absence of protein. In the presence of 50 nM Hfq 6 , the association rate increased to 0.74 s -1 at 308C in HB buffer. This 74-fold increase in the hybridization rate is less than the 260-fold effect of Hfq on the U-rich D16 RNA and dMB-D16 in HB buffer, but still substantial ( Figure 8A) . Thus, the activity of Hfq on these substrates depends little on whether the RNA strand is U-or A-rich.
An RNA beacon results in slower hybridization rates
To determine whether Hfq accelerates the annealing of two RNAs similarly to an RNA and DNA strand, the same experiments were carried out with an RNA version of MB-D16. The equilibrium dissociation constants for binding of rMB-D16 and D16 RNA in TNK were 13.7 AE 1.0 nM (no Hfq) and 174 AE 29 nM (with Hfq) (Table 1 ). These binding constants are similar to those for the DNA beacon and D16. Thus, Hfq destabilizes RNA and hybrid duplexes to a comparable degree.
In contrast, Hfq accelerated the annealing of two RNA oligomers less than annealing of an RNA and DNA oligomer. In the absence of Hfq, the RNA and DNA beacons base paired with D16 RNA at the same rate (0.005 AE 0.001 s -1 ; Table 1 ). In the presence of 50 nM Hfq 6 , however, the annealing rate of rMB-D16 was 0.12 AE 0.04 s -1 , about 5-fold lower than that of dMB-D16 (Table 1 ; Figure 8A ). Since the annealing kinetics of the RNA and DNA beacons are identical in the absence of Hfq, it is unlikely that this difference comes from the stability of the stem or loop of the RNA beacon. As discussed below, it is more likely that the observed kinetics depend on the interactions of Hfq with the substrates and product.
Structure of DsrA inhibits hybridization
Previous studies showed that Hfq binding depends on RNA structure as well as sequence (9, 14) . To compare Hfq activity on oligonucleotides with a natural sRNA substrate, we carried out similar experiments with 300 nM DsrA RNA at 308C. Under these conditions, the DNA beacon dMB-D16 was virtually unable to bind DsrA sRNA. This was ameliorated only slightly by the addition of 50 nM Hfq 6 (data not shown). The RNA beacon rMB-D16 was able to slowly bind DsrA in the absence of Hfq (0.004 min -1 ) ( Figure 8B ). In the presence of 50 nM Hfq 6 , its fluorescence increased about three times faster (0.014 min -1 ). A slight increase in the baseline fluorescence when Hfq was added to rMB-D16 alone suggested that Hfq also unfolds the free RNA beacon to some extent ( Figure 8B ). These results not only show that DsrA is less available to pair with a complementary RNA strand, but that the sequence or secondary structure of DsrA attenuates the intrinsic capacity of Hfq to stimulate RNA helix formation.
DISCUSSION
The Sm-like protein Hfq is essential for the function of many sRNAs, and can help sRNAs base pair with their target mRNAs (7) . Because Hfq is not required to stabilize the sRNA-mRNA complex once it is formed, Hfq acts as a chaperone for RNA interactions (9) . Here, we show that Hfq has a strong intrinsic strand-annealing activity on substrates with minimal secondary structure. It accelerates the hybridization of two complementary oligonucleotides !100-fold, which is even larger than the 30-50-fold increase in the rate of DsrA binding to long rpoS leaders by Hfq (27, 38) . However, the magnitude of the annealing enhancement depends on the substrates used. The 100-fold effect of Hfq on oligonucleotides is much larger than the 2-fold rate increase for DsrA binding to a minimal rpoS leader (26) and the 4-fold effect previously reported for association of 37-nt RNA substrates (28) . Moreover, we find that Hfq speeds up strand exchange about 80-fold, in qualitative agreement with previous reports (28, 29) .
Although the mechanism by which Hfq facilitates helix formation and strand exchange is not understood, one plausible scenario is that Hfq favors nucleation of the intermolecular helix, which is often the rate-determining step for the association of antisense RNAs (39) . Helix nucleation requires that Hfq interacts at least transiently with one or both strands of the helix. Although Hfq has a relaxed binding specificity, oligomers without a U-or A-rich sequence were poor substrates in our annealing reactions, indicating that some sequence recognition is needed.
Unsurprisingly for a basic protein, the ability of Hfq to accelerate the association of two oligonucleotides depends strongly on salt concentration. In the absence of protein, salt increased the base-pairing rate, consistent with the expected reduction in the free energy barrier for helix nucleation (40) . In contrast, 0.3 M salt strongly inhibited binding of Hfq to the D16 RNA and consequently eliminated the ability of Hfq to promote helix formation. Our results show that the concentrations and types of ions must be accounted for when comparing Hfq activity in different assays.
Since Hfq promotes both helix formation and exchange under similar conditions, the net flux of the annealing reaction will depend on the relative stabilities of the products and reactants. The fact that Hfq shifts the equilibrium away from the duplex is consistent with its stronger affinity for single-stranded RNA than doublestranded RNA apparent from the gel-mobility shift experiments. Thus, a small amount of Hfq might favor the antisense complex by increasing the association rate of the two RNAs, while too much Hfq will drive the reaction backwards by stabilizing the unpaired RNA. In preliminary experiments (data not shown), 50 nM Hfq 6 destabilized the antisense complex only slightly, while 300 nM Hfq 6 had a 10-fold effect ( Figure 3A) . The action of HIV nucleocapsid protein, another RNA chaperone, has been shown to be sensitive to the stabilities of the initial and final RNA structures and the affinity of nucleocapsid for each (41, 42) .
We find that Hfq is 10-100 times more active on a 16-nt RNA than on DsrA sRNA, despite the fact that it binds the two RNAs with similar affinity. Based on the annealing rates in the absence of Hfq, we estimate that the target sequence within DsrA is $100 times less accessible to an antisense probe than an unstructured oligonucleotide. Alternative secondary structures have been proposed for DsrA (43, 44) , and formation of such structures could mask our target sequence. We also observed, however, that Hfq is five times more active on a DNA molecular beacon than an RNA beacon of the same sequence. This is not due to differences in the stability of the RNA and DNA beacons, as the strand association rates were the same without Hfq.
The need to recycle Hfq during the annealing reaction could explain why it appears more active on weakly bound oligonucleotide substrates such as the DNA beacon.
Previously, we observed that high occupancy by Hfq inhibits base pairing between DsrA and the rpoS leader, and proposed that Hfq must dissociate from its binding site on DsrA during the reaction cycle (26) . Poor interactions with one or both strands would favor release of Hfq during the reaction cycle. By contrast, stable interactions with substrates could inhibit the release of Hfq and 'zippering' of the antisense helix. The natural rpoS leader may overcome this problem by offering a strong binding site for Hfq upstream of DsrA that transfers the protein away from the region of the intermolecular duplex (27) .
An alternative explanation for our results is that Hfq interacts with single-stranded oligomers in a different mode than natural sRNAs, altering its activity. The U-rich RNA oligomer is expected to occupy the binding pockets which encircle the inner pore of Hfq, as shown in the crystal structure of the Staphylococcus aureus Hfq-RNA complex (45) . However, recognition of A-rich RNAs has been linked to residues on the rim and distal face of Hfq, opposite the U-rich binding site (19, 34) . The outer surface of the Hfq hexamer has also been proposed to interact with double-stranded RNA (14) . Additional interactions with A-rich sequences or double helices, which could be supplied by natural substrates but not a short oligonucleotide, could conceivably perturb the binding of single-stranded residues to the inner surface of Hfq. Further work is needed to test these possibilities.
In conclusion, the results presented here demonstrate that Hfq has potent annealing and strand-displacement activities. However, these intrinsic activities are modulated by its interactions with the substrates and the electrostatic environment, which in turn determine the net reaction flux. Further experiments to investigate the annealing mechanism are in progress.
